Abstract. Results of reaction cross-section measurements on 12 C, 40 Ca, 90 Zr, and 208 Pb at incident proton energies between 80 and 180 MeV are presented. The experimental procedure is described and the results are compared with earlier measurements and predictions using macroscopic and microscopic models.
INTRODUCTION
Experimental reaction cross sections of proton scattering from nuclei are of fundamental importance for our understanding of proton-induced reactions. These values find applications in chemistry, medicine, and astrophysics, and thus constitute one of the motivations for the determination of global nucleon optical models. Global optical models can be used to predict elastic scattering and total absorption at any energy. They can also generate distorted waves to be used in theories for predictions of other proton-induced reactions in the irradiated medium.
The global potentials are derived from the vast set of existing experimental data comprising angular distributions of differential cross sections, polarizations, asymmetries, and spin-rotation parameters. However, the derived potentials are not unique and manifest ambiguities, and therefore a knowledge of the value of the reaction cross section may provide some guidance. One reason why reaction cross sections in the past could often not be fully exploited as a powerful constraint in the derivation of the global potentials is the fact that in many cases the existing data are much less accurate than the data for differential cross sections and other angular distributions. Furthermore, apart from the lack of reaction crosssection data on some important target nuclei, existing experimental data often manifest serious inconsistencies.
We have measured proton reaction cross sections for 12 C, 40 Ca, 90 Zr, and 208 Pb in the energy range 80-180 MeV. The measurements were performed with beams from the Separated Sector Cyclotron at iThemba LABS. The data are compared with earlier measurements and theoretical predictions.
EXPERIMENTAL METHOD
The experimental apparatus is a modified version of the one used for reaction cross-section measurements of 3 He and 4 He in the energy range 20-50 MeV/nucleon [1, 2] and 65-MeV protons [3] . The modifications to the equipment were necessary to accommodate the higher proton energies.
The experimental method is based on a modified transmission technique, where a proton beam is incident on a target and the outgoing particles are energy analyzed in order to separate transmitted and elastically scattered protons from reaction products. False reaction events are eliminated by measuring the background in target-out measurements, and the reaction cross section is determined by the difference in the number of reaction events from target-in and target-out measurements.
Incident protons are identified by plastic scintillators in a passing detector telescope, containing two passing Behind the target the outgoing particles are energy analyzed in a CsI energy detector in order to identify all unaffected or elastically scattered protons. The beam intensity is reduced with collimators to the order of 2000 protons per second. About 99.9% of the incident particles are unaffected by the target and hence enter the energy detector. The target thickness is very small in comparison to that of the energy detector, and consequently most of the particles detected with an energy below the elastic peak are those that have undergone reactions in the detector itself.
More than 98% of the non-reaction protons are concentrated in a narrow forward cone that covers less than 1% of the total solid angle. In order to reduce the statistical uncertainty all particles that enter the forward cone are excluded from the analysis. Immediately in front of the energy detector is a small transmission detector (see 1 ) that consists of an array of three overlapping plastic scintillators, one circular and two ring shaped, which allows different solid angles to be covered simultaneously. Through this arrangement five forward cones are defined, enabling measurements which range in steps between 99.0% and 99.8% of the total solid angle. The measured reaction cross section outside of an excluded forward cone is denoted as the partial reaction cross section.
During the experiment data signals originating from the detectors are accumulated in an online dataacquisition computer system.
In the offline analysis the signals from the transmission detector array and the CsI detector are sorted into regions and the number of reaction events is determined for each region. The energy resolution is 1.5-3 MeV (FWHM). False reactions from the target-out measurements are subtracted from the number of reactions for each solid angle. Corrections are also performed for elastic scattering outside of the energy detector and the limited detector efficiency due to reactions occurring in the CsI scintillator.
After the corrections have been applied the partial reaction cross sections for five solid angles are obtained, each excluding a forward cone determined by the regions in the scintillator array. Figure 2 shows a typical example of the behaviour of the partial reaction cross sections for 180-MeV protons on 12 C. For protons at these energies a straight line reproduces the partial reaction cross sections well. By fitting and extrapolating a line through the data points the reaction cross section is obtained for the full solid angle.
RESULTS
Our experimental values are shown in Fig. 3 (closed circles) together with results from the compilation by Carlson [4] (open circles). The previous values obtained at 65 MeV [3] are also shown by closed circles. The errors shown are statistical. The systematic errors due to uncertainties in the thickness and the uniformity of the targets vary from 1-4%.
The experimental values are compared with the predictions of three different calculations which we have chosen because they have their origin from very different procedures. These theoretical results, which are shown as the curves in the figure, are predictions with global potentials derived by Cooper et al. [5] (solid curves) and by Koning and Delaroche [6] (dotted curves), as well as a prediction using a microscopic approach by Amos et al. [7] (dashed curves). The general trend is that the predictions differ mainly in the slope of the energy dependence.
Cooper et al. derived global potentials in a relativistic approach using the Dirac equation and experimental results in the energy region 20-1040 MeV. The potentials are also available in a form that can be used in programs based on the non-relativistic Schrödinger equation. They provide four different fits, and the results shown by the solid curves in Fig. 3 have been obtained with the potentials denoted as EDAD (Energy Dependent and A Dependent) fit 3 in [5] .
Koning and Delaroche used experimental data in the energy region 1 keV to 200 MeV. The different parts of the optical potentials have a fixed geometry, with the same parameters for the real and imaginary central potentials. The fact that the imaginary potentials have two components, one volume term and one surface peaked term that vary independently, introduces an energy dependence in the shape of the imaginary potentials. The addition of the surface term also implies that the imaginary potential has a longer range than the real one. The results obtained with their global potential are shown in Fig. 3 as the dotted line. It should be noted that this approach has not been applied to nuclei with atomic numbers below 24 and therefore there is no prediction for 12 C.
Amos et al. performed microscopic calculations with nonlocal complex potentials, obtained by folding an effective nucleon-nucleon interaction with matter densities from credible structure models of the target. As expected these calculations do not reproduce the angular distributions as accurately as those with phenomenological potentials, but for the energy dependence of the reaction cross sections the quality is very similar. The reason for this is not known but might be related to the fact that the angular distributions are sensitive to both the real and imaginary parts of the phase shifts, whereas the reaction cross section only depends on the imaginary parts.
Our new data for 12 C show that some of the earlier measurements are clearly in error and should definitely be disregarded. The remaining data are well reproduced by the global potential by Cooper et 
SUMMARY AND CONCLUSION
Proton reaction cross sections have been measured on 12 C, 40 Ca, 90 Zr, and 208 Pb at six energies in the range 80-180 MeV. The experimental setup was based on a modified transmission technique.
Prior to this work it was clear that the quality of reaction cross-section data was much better below 50 MeV and above 200 MeV. The new data on these four targets improve the situation considerably, especially for 208 Pb, where the theoretical predictions were considerably larger than the old experimental values. Our new reaction cross section values appear to be internally consistent and in addition they are reproduced quite well by predictions with microscopically as well as macroscopi- cally derived potentials.
We hope that our data, in combination with earlier experimental results on angular distributions, will stimulate the search for more reliable global potentials.
